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Abstract

:

High-pressure polymorphism is a developing interdisciplinary field. Pressure up to 20 GPa is a powerful thermodynamic parameter for the study and fabrication of hydrogen-bonded polymorphic systems. This review describes how pressure can be used to explore polymorphism and surveys the reports on examples of compounds that our group has studied at high pressures. Such studies have provided insight into the nature of structure–property relationships, which will enable crystal engineering to design crystals with desired architectures through hydrogen-bonded networks. Experimental methods are also briefly surveyed, along with two methods that have proven to be very helpful in the analysis of high-pressure polymorphs, namely, the ab initio pseudopotential plane–wave density functional method and using Hirshfeld surfaces to construct a graphical overview of intermolecular interactions.
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1. Introduction


Polymorphism (Greek: poly = many, morph = form) is a term applied in several areas to describe the diversity of nature.



Mitscherlich (1822, 1823) is generally regarded as the first person to apply polymorphism to crystallography when he recognized various crystal structures of the same compound in several arsenates and phosphate salts. Polymorphism, like many other words in chemistry, lacks a comprehensive definition. McCrone (1965) addresses this issue, and his working definition of polymorphism and the attached stipulations are still as influential as they were when he initially enunciated them.



A polymorph, according to McCrone, is “a solid crystalline phase of a particular compound that results from the possibility of at least two distinct configurations of that compound’s molecules in the solid form”.



Solid forms of the same compound exhibit different physicochemical properties, such as melting point, boiling point, hardness, and conductivity [1,2,3]. These features are crucial in a wide range of industrial and commercial applications [4,5,6,7]. Given the multiple ways in which a new polymorph is innovative, it is vital to characterize and regulate its polymorphic behavior during its development and marketing. Drug goods, particularly in the pharmaceutical business, undergo various manufacturing processes before they reach the market [8,9,10]. A pharmaceutically active molecule’s chemical structure affects its activity and toxicity [11,12,13,14]. Thus, understanding the structural stability of polymorphs is crucial to physics, chemistry, and pharmaceutics.



High pressure has been shown to be a powerful approach for investigating polymorphism [15,16,17,18,19,20,21]. Multitudinous new high-pressure polymorphs related to simple molecules (e.g., alcohols and carboxylic acids), more complex systems (e.g., amino acids), and substantially larger systems (e.g., energetic materials, pharmaceuticals, metal organic frameworks, and transition metal complexes) have been produced [22,23,24,25,26,27,28,29,30,31,32].



Under identical high-pressure circumstances, the orthorhombic and monoclinic polymorphs of L-cysteine are affected differentially. Although the two L-cysteine polymorphs coexisting under environmental conditions have different density values, increasing the pressure does not change the orthorhombic polymorph with lower density into the monoclinic polymorph with higher density. On the contrary, each of the two polymorphs has undergone its own series of structural changes and has become a unique set of high-pressure phases. The irreversibility of the phase transition in the orthorhombic polymorphs of L-cysteine and the formation of new phases during decompression or the second compression cycle illustrate the kinetic control of pressure-induced phase transitions in crystalline amino acids [33]. Glycine is a classic case study in high-pressure polymorphism research. The α–form of glycine is stable to 23 GPa, the β–form undergoes phase transition to a new form at 0.76 GPa, and the γ–phase transforms into the ε–phase at 2 GPa [34,35,36,37]. Two paracetamol polymorphs are studied to determine the importance of hydrogen bonding and crystal structure. At 443 K, piracetam changes from form–III to form–I with a compression of 0.2 GPa [38,39]. Therefore, it is concluded that pressure has an unmatched function to modify crystal structures, especially during phase transitions or the formation of new polymorphs.



Due to its directionality, reversibility, and saturability, hydrogen bonding, as an important intermolecular interaction, plays a vital role in polymorphism [40,41,42,43]. Pressure has a long history of decreasing the intermolecular gap between materials and bringing atoms closer together. This feature illustrates that pressure can alter the strength of hydrogen bonding [44]. Increased pressure has been shown to strengthen weak and moderate D−H···A connections (where D and A denote a donor and acceptor, respectively), resulting in a lengthened D−H distance. By contrast, pressure has little effect on strong hydrogen bonding [45,46]. Pressure-induced changes in hydrogen bonding can also result in changes in crystal symmetry, most frequently in conjunction with the effects of π-stacking, van der Waals, and electrostatic interactions. Thus, the cooperativity of various noncovalent interactions and changes in hydrogen bonds as a function of pressure are crucial for material structural stability [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50].



Extensive research has been conducted on hydrogen-bonded polymorphs under high pressures, particularly for diamond anvil cell (DAC) methods. Compressive strength, hardness, and transparency to visible light are not the only properties of diamond that make it such a good choice for anvils. Diamond is also extraordinarily transparent to parts of the electromagnetic spectrum that are invisible. Many kinds of in situ characterizations based on the DAC, including Raman scattering, infrared, angle-dispersive X-ray diffraction (ADXRD), UV absorption, and fluorescence spectroscopy, have gathered significant information about pressure-induced changes in intermolecular interactions. In researching polymorphic systems, these high-pressure techniques provide considerable precision, accuracy, and sensitivity. These polymorphic materials have demonstrated a variety of critical functions and properties [51,52,53,54,55,56].



High-pressure science was dominated by hydraulically powered anvil and piston–cylinder devices from the early 1900s to the 1960s. These machines are monstrous in size and require the operation of specialized laboratories. As the gasketed DAC developed in the mid-1960s, high-pressure research technology became less demanding [57,58]. As shown in Figure 1, the DAC’s basic concept is as uncomplicated as previously described [59]. Samples are placed in the metal gasket hole between the flat and parallel culets of two diamond anvils. The sample sustains high pressure when an external force pushes the two opposed anvils together. By filling the pressure chamber with a liquid pressure-transmitting substance, hydrostatic pressure conditions can be achieved [60,61]. A well-calibrated ruby fluorescence pressure scale is used to determine the pressure within the DAC sample chamber.



This review outlines recent advances in polymorphism in hydrogen-bonded crystals produced by the application of in situ high-pressure techniques and briefly discusses new development challenges. Additionally, potential obstacles and future directions are evaluated.




2. High-Pressure Polymorphism in Amides


Amides are particularly important because they are abundant in nature and are commonly employed in industry and technology as structural materials. In addition, the hydrogen bonds within the functional group of amides exhibit a similar directionality to those found in carboxylic acid synthons.



As a first-line antituberculosis medicine, pyrazinamide (C5H5N3O, pyrazine-2-carboxamide, PZA) has been included on the World Health Organization’s Model List of Essential Medicines. This medication is an infrequent instance of a conformationally stiff molecule with four polymorphs, namely, the α, β, γ, and δ forms [62,63,64]. Figure 2 illustrates the molecular packings in several polymorphs.



The phase interactions between the four polymorphs have been widely researched at ambient pressure. Once the pure δ and γ forms undergo hand-grinding, they will be converted to the α–form in 45 min. The α, β, and δ forms will be converted to the γ-form upon being heated to 165 °C. After being cooled to room temperature, the γ-form can remain stable for up to 6 months before gradually converting to the α-form. In other words, a stable form at a high temperature can be retained at ambient temperature as a metastable form. Within the temperature range of −263 to −13 °C, the α-form changes into the δ-form.



We have adopted the in situ Raman spectroscopy and ADXRD techniques to examine the high-pressure responses of three forms (α, δ, and γ) of PZA [65]. At 4 GPa, the γ-phase transforms to the β-phase, while the other two forms preserve their original structures up to 14 GPa. The volume of the γ-phase is reduced by ∼3% at a pressure greater than 4 GPa. The bulk modulus and pressure derivatives for the γ-form are B0 = 6.3 ± 0.4 GPa and B0′ = 10.0 ± 0.3. These parameters for the β-form are B0 = 7.9 ± 0.3 GPa and B0′ = 5.8 ± 0.2. These equations imply that the β-form is more difficult to compress, which is consistent with the conclusion of lattice vibration analysis in the Raman spectra.



The β-form cannot be obtained entirely under ambient conditions. It always crystallizes alongside the γ-form. The α- and δ-forms’ stability under compression is attributable to their unique dimer link. Previous studies have shown that the dimers are connected by relatively strong N–H…O hydrogen bonds in the α, β, and δ forms, whereas head-to-tail connection is only present in the γ-form through the N–H…N hydrogen bonds [66].



The pressure-induced γ-to-β phase change is exceptional in that it happens between two well-characterized polymorphs and is reversible. Additionally, the phase transition is detected at a wide range of pressures. Hysteresis behavior is very common in high-pressure investigations and is a characteristic of first-order phase transitions. The γ-form is not recovered until the pressure is close to the ambient level, which indicates an energy barrier to the transition [67]. An imbalance between hydrogen bonding and van der Waals interactions within γ-PZA could be responsible for the phase transition. The distances between PZA molecules inside the 3D structure decrease as pressure increases, strengthening hydrogen bonding and increasing overall Gibbs free energy. The free energy of the phase transition is reduced by rotating the PZA molecules and reassembling hydrogen bonds, resulting in a ~4 GPa phase transition.



Malonamide (C3H6N2O2) is a model compound for investigating the hydrogen bonding interactions that occur when amides are compressed. This technique is used to manufacture pharmaceuticals and insecticides. This substance is analogous to a glycine residue with the peptide group inverted. Malonamide derivatives are of particular relevance because they are used in the manufacture of peptidomimetic compounds. Malonamide is a polymorphous compound that crystallizes into monoclinic, tetragonal, and orthorhombic crystal forms [68,69,70]. The unit cell parameters of the monoclinic forms are a = 15.78(0) Å, b = 4.63(7) Å, c = 9.33(1) Å, β = 133.84(0)°, V = 492.46(4) Å3, and Z = 4. Tetragonal forms crystallize into a = 5.3140(3) Å, c = 15.5360(12) Å, V = 438.71(5) Å3, and Z = 4. Crystallographic parameters of the orthorhombic forms are a = 5.3602(9) Å, b = 7.5178(8) Å, c = 11.791(2) Å, V = 475.14(12) Å3, and Z = 4.



The monoclinic form Is chosen as the sample and compressed to a pressure of 10.4 GPa in a DAC at room temperature [71]. In situ Raman spectroscopy is utilized to detect structural changes caused by pressure. At 2.1 GPa, the Raman spectra show considerable changes, indicating the occurrence of a phase transition. At various pressures, the Raman spectrum is analyzed in terms of its fluctuations, which include the elimination of original modes, the development of new modes, and discontinuous changes in the Raman modes’ pressure dependence.



Ab initio calculations are adopted to calculate the changes in molecular configurations and hydrogen-bonded networks. The computed results indicate that the molecules distort slightly in reaction to pressure. As a result, the original hydrogen bonds between N–H···O are twisted. Additionally, the hydrogen-bonded patterns shift significantly. All amine groups participate in hydrogen bonding in the ambient structure. Eight hydrogen bonds are created between each molecule, including four donors and four acceptors. At a pressure of 10 GPa, however, one sort of asymmetric unit molecule establishes six hydrogen bonds with three donors and three acceptors. These findings corroborate the Raman spectra observed in the NH2 stretching modes. The appearance of NH2 asymmetric stretching modes indicates that the hydrogen bond networks have been reconstructed. Meanwhile, the modes that are related to N–H…O hydrogen bonds, including the NH2 twisting, NH2 rocking, NH2 scissoring, NH2 bending, CO bending, and CO stretching modes, all vary remarkably during phase transition. These variations indicate that the hydrogen bond donors and acceptors adopt new orientations.



We use Hirshfeld surfaces and fingerprint plots to compare changes in packing patterns and intermolecular interactions (Figure 3). This method simplifies the process of determining hydrogen bonding and van der Waals radius. On Hirshfeld surfaces, blue patches denote long interactions, and red regions denote short contacts. When the pressure is increased, the blue parts shrink, and the red regions expand. This development corresponds to the typical shortening of connections under conditions of high pressure. The two “spikes” reflect N–H···O hydrogen bonding in both plots. The upper spike is the hydrogen bond donor (where de > di), whereas the lower spike is the hydrogen bond acceptor (where di > de). This conclusion is evident from the fingerprint plot: the N–H···O spikes grow less prominent as the plot moves closer to the origin. The reduced maximum values of de between ambient pressure (2.399 Å) and 10 GPa (1.921 Å) are attributable to the overall shortening of the long contacts. The contribution of the H···O connections remains stable at 23.9% at ambient pressure and 21.1% at 10 GPa, respectively. The H···H contacts are compressed from 2.6 Å at ambient pressure to 2.2 Å at 10 GPa. Moreover, the contribution of the H···H interaction changes from 32.3% to 30.2%. According to the computed results, fluctuations in the NH2 stretching Raman vibrations, and the degree of freedom of the molecules, the phase transition of crystalline malonamide is likely induced by rearrangements of the hydrogen-bonded networks.



Acetamide (H3CCONH2) is a hydrogen-bonded system with a basic structure that can be used as a model system for researching hydrogen-bonded systems under high pressures. Additionally, since acetamide contains just one peptide link, it can shed light on the structures of complicated peptides and proteins. Acetamide crystallizes into two crystal forms under ambient conditions, namely, the stable rhombohedral space group R3c and the metastable orthorhombic space group Pccn [72,73].



At pressures up to 16 GPa, in situ ADXRD and Raman scattering are utilized to examine the vibrational and structural properties of rhombohedral acetamide [74]. The ambient unit cell is seen in Figure 4a. Each acetamide molecule includes two acceptors and two donors, resulting in the formation of four N–H···O hydrogen bonds with other molecules. As a result, the equilibrium between hydrogen bonding and van der Waals interactions has an effect on the acetamide structure’s stability under high pressure. At 0.9 GPa and 3.2 GPa, two structural phase transitions are observed, as indicated by significant changes in the Raman spectrum and discontinuities in peak positions vs. pressure. Significant alterations in the ADXRD patterns, as seen in Figure 4b, further verify the phase transition. Pawley refinement is used to determine the lattice parameters of the high-pressure phase–II using ab initio calculations. The crystal structure of phase–II can be indexed and refined as a monoclinic system with a potential C2/c space group; the lattice constants are as follows: a = 7.34(2) Å, b = 17.26(1) Å, and unit cell volume V = 690.7(1) Å3. Phase–III has similar diffraction patterns to phase–II, implying that the two high-pressure phases may have similar structures.



The mechanism for pressure-induced phase changes has been postulated based on experimental and computational studies. Hydrogen bonding and van der Waals forces are the two key interactions that maintain acetamide’s structural integrity at ambient temperature. The van der Waals forces between neighboring acetamide molecules increase as pressure increases because the distances between nearby molecules shrink. At the same time, the shorter hydrogen bonds make hydrogen bonding contact easier. The total Gibbs free energy available to the cosmos is enhanced by this method. With further compression, the acetamide crystal structures can no longer support the increasing Gibbs free energy. Thus, acetamide molecules slide and/or rotate, reorganizing hydrogen-bonded networks (through reconstruction and torsion) to lower the free energy. Thus, acetamide crystals undergo phase changes at various critical pressures (0.9, 3.2 GPa).




3. High-Pressure Polymorphism in Hydrazides


Maleic hydrazide (C4H4N2O2, MH), a well-known plant growth inhibitor in agriculture, comes in three polymorphic forms: triclinic MH1 and monoclinic MH2 and MH3 [75,76,77]. In their crystal structures, the three polymorphs exhibit identical patterns of hydrogen bonding, namely, an O−H···O motif that connects infinite chains of molecules. These polymorphs are connected into ribbons of double chains through N−H···O interactions.



The pressure-induced polymorphism of MH3 is investigated by in situ ADXRD and high-pressure Raman spectroscopy [78]. At 2 GPa, variations in the Raman spectrum suggest the presence of a pressure-induced phase transition. High-pressure ADXRD tests are carried out to further characterize this transition, as seen in Figure 5a. The monoclinic polymorphic form of MH2 with space group P21/c is connected to the pressure-induced phase. The new MH2 phase remains when the pressure is increased even more. Further analysis indicates that this pressure-induced polymorphic transformation could be attributed to changes in the hydrogen-bonded ribbons. The ADXRD pattern indicates that this MH3 to MH2 polymorphism is partially reversible when the sample is returned to atmospheric pressure, with the majority of the sample reverting to the original MH3 structure. The quenched sample contains 68.3 wt% MH3 and 31.7 wt% MH2, according to the Rietveld quantitative phase analysis results in Figure 5b. The coexistence of these two polymorphic forms upon complete pressure release could be explained by their identical hydrogen-bonded aggregates and similar energies.



The conformational polymorphism oxalyl dihydrazide [H2N−NH−CO−CO−NH−NH2, ODH] has five known polymorphs. The ODH molecule is composed of six possible hydrogen-bond donors (N−H bonds of the NH and NH2 group) and four possible hydrogen-bond acceptors (oxygen atoms in the C=O groups and nitrogen atoms in the NH2 groups). Numerous polymorphisms have been found, including α, β, γ, δ, and ε [79]. The crystal structures of the ODH polymorphic forms are depicted in Figure 6.



The molecule’s N−N−C−C−N−N backbone is planar in all polymorphs and conforms to the trans-trans-trans conformation. The oxygen atoms of the O=C groups and the hydrogen atoms of the NH groups lie within this plane. The pyramidal structure of the NH2 group indicates that the nitrogen atom has undergone sp3 hybridization, which enhances the nitrogen atom’s capacity to act as a hydrogen-bond acceptor. Computational approaches are utilized to determine the energy sequence of the known polymorphs: α > ε > γ > δ > β [80,81].



At a pressure of 20 GPa, high-pressure Raman spectroscopy and ADXRD studies of the five types of ODH are carried out [82]. By applying pressure to the original counterparts, five novel forms are identified. Under high pressure, each polymorph yields a new form, resulting in a total of ten polymorphs, with the new forms being α′, β′, γ′, δ′, and ε′. The transition pressure points of the five ODH polymorphs are 12.0, 14.0, 11.3, 10.6, and 6.0 GPa for the α, β, γ, δ, and ε forms, respectively, as determined by Raman and ADXRD patterns. Under the influence of shear force, the β-form is changed into the α-form. As a result, high-pressure ADXRD experiments on the β-form cannot be carried out. The new forms might be indexed as P21/c for α′, Pmnb for γ′, P21/n for δ′, and P-1 for ε′ via ab initio calculations. Several hydrogen-bond donors and acceptors, and low-energy conformational changes in NH and NH2 groups, all play a role in the molecular conformation of ODH, resulting in a variety of crystal polymorphs. The transition pressures of the α, β, γ, and δ forms are all above 10 GPa, while the ε-form is changed into the ε′-form at about 6 GPa. This is attributable to the fact that the ε-form’s structure is significantly different from that of the other polymorphs. The ε-form has ribbons that generally run perpendicularly to create a grid-like pattern when viewed in projection along the c-axis. The grid-like structure of the form is not as stable under pressure as the other polymorphs’ sheet-like parallel ribbon structures. Therefore, the ε-form’s phase transition takes place at 6 GPa, at least 4 GPa lower than those of the other four forms.
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Figure 6. Crystal structures of ODH polymorphic forms: α, β, δ, γ, and ε forms. Reprinted with permission from Ref. [82]. Copyright 2015 American Chemical Society. 
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4. High-Pressure Polymorphism in Carboxylic Acid Derivatives


Because the molecule has distinct functional groups, as do many pharmacological compounds, p-aminobenzoic acid (C7H7NO2, PABA) is a practicable substance for the model material. The chemical is largely utilized in the production of medicines. Perfumes, colors, and feedstock additives are some of the other applications. PABA polymorphs have sparked much curiosity among scientists. Two polymorphs are known to exist: the α- and β-forms. The majority of the reported research on this drug has been focused on crystallography. Jarchow and Banerjee use NMR to confirm the phase transition of α-form crystals at 32 °C [83,84]. When crystallized from a solvent, the transition temperature between the two forms is approximately 25 °C; β-PABA is thermodynamically stable below this temperature [85]. Yang et al. discover that when heated to 96 °C, the β-form can be transformed into the α-form [86].



According to published sources, the two polymorphs are synthesized: the α-polymorph, which is commercially accessible and resembles long, fibrous needles; and the β-polymorph, which resembles prisms. The function of high pressure on the two forms in a DAC is investigated via in situ Raman spectroscopy [87]. Experiments demonstrate that both forms keep their original structures up to a pressure of 13 GPa. For determining the variations in intermolecular interactions, the Hirshfeld surface and fingerprint plot have been applied. Upon a thorough comparison of the small structural alterations and anisotropic properties, we find that the particular dimer link is a factor in maintaining the stability of α-form crystals, while the presence of hydrogen-bonded networks with a four-membered ring structure is a factor in maintaining the stability of the β-form. For α-PABA, the molecular pairs are connected via two O–H…O bonds; a hydrogen-bonded bridge is formed between the two molecules. This bridge resists the effect of pressure along the direction of hydrogen bonds. This visualization is analogous to the behaviors of the α- and δ-forms in pyrazinamide polymorphs. In the tetramer structure of β-PABA, the special four-membered hydrogen-bonded networks can easily twist to release the increased intermolecular interactions, as well as maintain the balance of hydrogen bonding and van der Waals interactions; the structural stability is maintained. The crystal structures of α-PABA and β-PABA under ambient conditions are shown in Figure 7.



Chemists and biologists have always been interested in cinchomeronic acid (CA; pyridine-3,4-dicarboxylic acid; C7H5NO4) due to its unique structure and characteristics [88,89,90,91,92]. CA is commonly employed in the building of coordination networks due to the flexibility of its metal coordination modes [93,94]. Since 1971, the PDF-2 has been reported to include two CA polymorphs. Form-I and form-II can be prepared concomitantly from the recrystallization of form-II in ethanol/water solution at ambient conditions. A slurry conversion experiment converts form-II to form-I, which will disintegrate before melting, with the form-I melting at 263 °C and form-II melting at 259 °C.



The compression behavior of the two forms is investigated using DACs in conjunction with Raman spectroscopy and ADXRD [95,96]. Once a phase change is produced as the form-I is compressed to about 6.5 GPa, the new polymorph form-III is produced. The ADXRD pattern indicates that this polymorphic transition is partially reversible when the sample is brought back to ambient pressure, with a portion of the sample reverting to its original form-I structure (Figure 8a). The Raman spectra’s lattices and internal modes are evaluated to determine the alterations to the CA form-I molecules’ local environment. A low-symmetry triclinic structure with space group P1 is shaped by the indexing and refinement of form-III. In CA form-I, the phase transition may be triggered due to the reconstruction of the hydrogen-bonded networks.



At ~11–13 GPa, a polymorphic transition is visible in the Raman spectra and ADXRD patterns of form-II. From form-II, a new CA polymorph named form-IV is formed. Form-IV could be a monoclinic structure with the space group P21/c, according to ab initio calculations. In the released ADXRD pattern, as shown in Figure 8b, form-IV peaks coexist with form-II peaks. The reconstruction of hydrogen-bonded networks is the most likely cause of the polymorphic transformation in both experimental and theoretical data.



Phenyl carbamate (C7H7NO2, PC) is a widely used pharmaceutical intermediate with a wide range of pharmacological characteristics and uses. Three pure PC polymorphs have been discovered via traditional crystallization methods: form-I, form-II, and form-III. Methanol and acetonitrile are used to crystallize form-I, while ethyl acetate is used to crystallize form-II. At 25 °C, solution-mediated phase transition and solid-state phase transition produce form-I. The computed phenotype-II is 4.6% denser than phenotype-I, according to the Burgers density rule. Changes in HSM, PXRD, and DSC spectra are used to track the development of form-III.



PC form-I has been used to investigate the pressure-induced polymorphic transition and disorder in the amorphous state in polymorphic molecular systems [97]. Under high pressure, no polymorphic transition from crystalline PC-I to type-II crystals can be observed. At a pressure of 12.7 GPa, the evolution of the ADXRD and Raman spectra suggest that a reversible pressure-induced amorphization (PIA) occurs in PC type-I. The ADXRD patterns and diffraction patterns of PC form-I under different pressures are presented in Figure 9. The modifications of PC-I hydrogen bond networks and molecular configuration under pressure are computed by ab initio approach. Hirshfeld surfaces and fingerprint plots are utilized to rapidly compare changes in packing patterns and intermolecular interactions. Based on experimental and theoretical data, we predict that the PIA of crystalline PC form-I is driven by competition between close packing and long-range ordering. This competition results in the collapse of the hydrogen bonds.




5. Summary


In this review, we have aimed to summarize some of the studies of our group on high-pressure polymorphism in hydrogen-bonded crystals. These crystals are divided into three categories, namely, amides, hydrazides, and carboxylic acid derivatives. These studies have shown that pressure can induce amorphization, the formation of new polymorphs, and phase transitions between different polymorphs. Experimental and computational results have revealed that pressure-induced structural distortions and structural stability can be correlated with the hydrogen bonding.



High-pressure polymorphism is a growing and rapidly expanding scientific topic with a promising future. Hydrogen-bonded crystal research will continue to evolve and improve as new discoveries in powder diffraction, high-pressure crystal formation from solution, and theoretical techniques are established (e.g., density functional theory and crystal structure prediction). Although several fundamental issues remain unsolved, significant progress is being made in several laboratories. However, more research still needs to be done by professionals using high pressures.
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Figure 1. Schematic of DAC for high-pressure studies. 
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Figure 2. Crystal structures of PZA polymorphic forms: α, β, δ, and γ forms. Reprinted with permission from Ref. [65]. Copyright 2012 American Chemical Society. 
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Figure 3. Hirshfeld surfaces mapped with dnorm and fingerprint plots for malonamide at ambient pressure(a,c) and at 10 GPa (b,d). Reprinted with permission from Ref. [71]. Copyright 2015 Royal Society of Chemistry. 
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Figure 4. Ambient unit cell (a) and representative ADXRD patterns of acetamide crystal at different pressures (b). The peaks marked by asterisks and hollow triangles indicate the emergences of new phases. Reprinted with permission from Ref. [74] Copyright 2013 Royal Society of Chemistry. 
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Figure 5. (a) Representative ADXRD patterns at elevated pressures. Arrows indicate new peaks. (b) Quantitative phase analysis based on the Rietveld fit of the diffraction patterns collected from the quenched sample: red line, experimental pattern; blue dotted line, simulated pattern; the black line is the fit residual. Reprinted with permission from Ref. [78]. Copyright 2014 American Chemical Society. 
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Figure 7. Crystal structures of (a) α-PABA and (b) β-PABA under ambient conditions: the hydrogen bonds are marked as dashed lines. Reprinted with permission from Ref. [87]. Copyright 2014 Royal Society of Chemistry. 
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Figure 8. (a) Representative high-pressure ADXRD patterns of CA form-I. Red asterisks indicate new peaks. Down arrow indicates the disappearing diffraction peak. Reprinted with permission from Ref. [95]. Copyright 2019 Institute of Physics (b) Representative high-pressure ADXRD patterns of CA form-II. Red asterisks represent the peaks of form IV. Black dots show the peaks of form II. Down arrows show the disappearing diffraction peaks of form II. Reprinted with permission from Ref. [96]. Copyright 2021 American Chemical Society. 
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Figure 9. Synchrotron XRD patterns of PC form-I under different pressures (a). Diffraction images of PC form-I compressed under 12.7 GPa (b) and decompressed under ambient pressure (c). Reprinted with permission from Ref. [97]. Copyright 2017 American Chemical Society. 
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